Another giant protein has been detected in cross-striated muscle cells. Given the name obscurin, it was discovered in a yeast two-hybrid screen in which the bait was a small region of titin that is localized near the Z-band. Obscurin is about 720 kD, similar in molecular weight to nebulin, but present at about one tenth the level (Young et al., 2001). Like titin, obscurin contains multiple immunoglobulin-like domains linked in tandem, but in contrast to titin it contains just two fibronectin-like domains. It also contains sequences that suggest obscurin may have roles in signal transduction. During embryonic development, its localization changes from the Z-band to the M-band. With these intriguing properties, obscurin may not remain obscure for long.
The basic unit that provides the structural framework for contraction of cross-striated muscles is the sarcomere (Fig.  1) . In order for the myosin thick filaments and the interdigitating actin filaments to interact optimally and generate force, many other proteins of the sarcomere are required. The two largest proteins in the sarcomere, nebulin and titin, help link the actin and myosin filaments in the sarcomere. The thin actin filaments are tethered in the Z-band, a dense substructure that is home to several known and unknown proteins and the site where the ends of titin filaments and nebulin molecules are also embedded. In vertebrate skeletal muscles ( Fig. 1, left) , 800 kD nebulin has its COOH terminus embedded in the Z-band. Two nebulin molecules extend along the length of each 1-m long actin filament to form a thin filament (Labeit and Kolmerer, 1995a) . Titin, the largest known protein at 3-3.7 million D has its NH 2 terminus embedded in the Z-band and extends for 1 m with its COOH terminus localized in the middle (M-band) of the aligned myosin filaments (A-band). Thus, each Z-band has two sets of overlapping NH 2 -terminal titin ends, and the M-band has two sets of overlapping COOH-terminal titin ends. The titin filaments are elastic and attach the thick filaments to the Z-bands (for review see Gregorio et al., 1999) . Recent work by Liversage et al. (2001) using scanning transmission electron microscopy indicates that there may be just six titin filaments per half myosin filament, that is, each myosin filament binding to two sets of six overlapping oppositely polarized titin filaments.
Although both of these giant proteins, nebulin and titin, are 1-m long, their molecular structures are quite different. Nebulin is composed of four domains (Labeit and Kolmerer, 1995a; Wang et al., 1996) . A COOH-terminal Src homology (SH)*3 domain and a short linker domain are embedded in the Z-band. The third domain begins at the Z-band margin and is composed of Ͼ 200 repeats (each ‫ف‬ 35 amino acids) that stretch along the actin filament. The fourth domain is a short acidic NH 2 -terminal region (84 amino acids) that binds near the pointed end of the actin filament. A smaller isoform of nebulin, nebulette (107 kD), replaces nebulin in the myofibrils in cardiac muscles ( Fig. 1, right ; Wang, 1995, 1999; Millevoi et al., 1998) . This isoform has only 22 of nebulin's 35 amino acid repeats, but there is extensive homology of the COOH-and NH 2 -terminal domains of nebulette and nebulin (Millevoi et al., 1998; Moncman and Wang, 1999) . In contrast to nebulin isoforms, both titin (Labeit and Kolmerer, 1995b ) and the new protein obscurin reported in this issue (Young et al., 2001 ) are composed of repeating domains of the Ig-and fibronectin (FN)3-like types. Titin has ‫ف‬ 166 copies of the Ig domain and 132 FN3 repeats (Labeit and Kolmerer, 1995b; Gregorio et al., 1999) . Obscurin, with a calculated molecular weight of 720 kD, has 55 Ig domains and only 2 FN3 domains (Young et al., 2001) . Each of these Ig and FN3 domains are ‫ف‬ 4-nm long (Liversage et al., 2001) , giving obscurin an estimated length of Ն 200 nm.
Binding partners of titin have been discovered previously with the yeast two-hybrid technique. The center of the Z-band region of titin, that is, the z-repeats, was found to bind the Z-band protein ␣ -actinin . Even one of these z-repeats, ‫ف‬ 40-50 amino acids each, can target a partial titin construct to the Z-band . In another hunt, bait constructed from a small part of the NH 2 -terminal region of titin was found to bind to a protein that was named T-CAP (19 kD) (Gregorio et al., 1998) . Subsequently, sequencing of the Z-band protein telethonin showed that T-CAP and telethonin were the same protein .
The kinase domain of titin, located in the M-band, can phosphorylate telethonin in muscle extracts (Mayans et al., 1998 ), but it is not known if this phosphorylation occurs in vivo before telethonin is incorporated into the Z-band. Overexpression of either the kinase domain of titin (Mayans et al., 1998) or the NH 2 -terminal region of titin that binds telethonin (Gregorio et al., 1998) leads to the loss of myofibrils in transfected muscle cells. Telethonin/T-CAP has taken on added importance due to its causal role in limb-girdle muscular dystrophy type 2G (Moreira et al., 2000) . Another titinbinding protein, the p94 skeletal muscle-specific calpain (a protease), when mutated, causes limb-girdle muscular dystrophy type 2A (for review see Sorimachi et al., 2000) .
In this issue, Young et al. (2001) chose a small region of titin that localizes just outside the Z-band as a yeast twohybrid bait and found a novel binding partner. The detected partner, named obscurin, is an intriguing molecule. It has a calculated molecular weight of 720 kD. The protein is present at Ͻ 10% of the level of nebulin. Since nebulin is ‫ف‬ 2-3% of the protein content of the myofibrils, obscurin would account for Ͻ 0.3% of the myofibrillar proteins. In each half sarcomere of vertebrate skeletal muscles, there are two actin filaments, four nebulin molecules, and six titin filaments for each myosin half filament (for review see . Thus, for every one obscurin molecule in a half sarcomere, there could be at most 5 actin filaments, 10 nebulin molecules, 15 titins and 2.5 myosin half filaments. Like titin, obscurin has an impressive length of tandem Ig domains extending from its NH 2 terminus. The COOH terminus has a more varied and interesting composition with several signaling domains: one IQ domain (binding motif for calmodulin-like proteins), one SH3 domain (mediating protein-protein interactions), one Dbl homology/RhoGTPase nucleotide exchange factor domain followed by the usually associated pleckstrin homology domain. It is not known yet if these domains in the COOH terminus of obscurin are involved in any signal transduction pathways. Obscurin, with a calculated length of Ն 200 nm (Young et al., 2001) , could cross-link myosin filaments and/or mediate signaling.
There are some puzzling and intriguing immunofluorescent localization results for obscurin (Young et al., 2001 ). Antibodies generated against four different regions of the molecule stained the M-bands of cultured neonatal rat cardiomyocytes. One of the antibodies (directed against the titinbinding region of obscurin, designated as ␣ -Ob19/20) also yielded weak staining of Z-bands of these cardiomyocytes. The M-band localization is a surprise, since obscurin was identified when it bound a region of titin that localizes within the sarcomere at a site far from the M-band. Transfection of the neonatal cardiomyocytes with just the titinbinding region of obscurin revealed the expected Z-band localization. Staining of cross-striated muscle tissues in different stages of development with the ␣ -Ob19/20 antibody indicated that in early embryonic stages obscurin was localized in the Z-band. However, in older embryos the staining with this antibody became concentrated in the M-band. Antibodies directed against the region containing the IQ domain and one against the Dbl homology/RhoGTPase nucleotide exchange factor domain did not stain the myofibrils until late in development when they bound to the M-band. The staining results in the cultured rat neonatal cardiomyocytes reported by Young et al. (2001) correspond to the staining in later stages of development and in adult animals where all of the antibodies stain the M-bands. It would be interesting to see these antibodies used on cultured embryonic chick cardiomyocytes where new myofibrils are assembled within hours (Dabiri et al., 1997) , especially after cell divisions (Sanger and Sanger, 2001 ). It will also be interesting to determine which M-band proteins bind obscurin and how the binding is regulated during myofibril maturation.
Earlier this year, Centner et al. (2001) used the titin M-band serine-threonine kinase domain (the domain that phosphorylated telethonin in muscle extracts [Mayans et al., 1998 ]) as bait in a two-hybrid screen. The surprise catch was Figure 1 . Diagram of a sarcomere bounded by the Z-bands. The left side of the sarcomere represents a half sarcomere found in vertebrate skeletal myofibrils. Note that the nebulin molecules are part of and extend the entire length of the thin filaments. The right side of the sarcomere reflects a half sarcomere in cardiac muscle cells. The smaller nebulin isoform, nebulette, begins within the Z-band and extends only a short distance along the thin filament. Titin is shown with its NH 2 termini from adjacent sarcomeres overlapping in the Z-band. Groups of three titin filaments are shown aligned together in the half sarcomere and overlapping in the M-band with groups of three from the other half sarcomere. The scale of the drawing does not allow the ratio of six titins per half-thick filament or the two nebulin isoforms per actin thin filament to be illustrated. The double-headed arrows indicate the position of the region of titin used as a bait to pull out obscurin. The M-band is the mid-point of the group of aligned thick myosin filaments (A-band) where obscurin binds in cultured neonatal cardiomyocytes and in adult muscles.
Fishing out proteins that bind to titin | Sanger and Sanger 23 a muscle isoform of a ring finger protein, MURF-1 (38 kD). Ring finger proteins have a two zinc binding cysteine-histidine motif and are involved in several cellular processes including signal transduction, ubiquitination, and morphogenesis (Jackson et al., 2000; Spencer et al., 2000) . In turn, MURF-1 was used as a bait and a MURF-2 was found. When MURF-2 was used as a bait, a third isoform was discovered, MURF-3. MURFs 1 and 3 are muscle specific isoforms. MURF-3 (41 kD) is identical to the MURF that was first discovered by Spencer et al. (2000) and had been shown to localize to the surprising combination of Z-bands and microtubules (Spencer et al., 2000) . Thus, the MURFs may integrate signal pathways that are mediated by proteins in the sarcomere and on microtubules. Centner et al. (2001) demonstrated that MURF-2 does not localize to the Z-band but is soluble in the cytoplasm of fetal hearts. Antibodies to MURF-1 reveal results that are puzzling. MURF-1 staining was concentrated at the M-band only in isolated adult rat heart myofibrils: a region expected of a protein that was selected using a bait encoding a region of titin's M-band domain. However, in sectioned adult rat heart and skeletal muscles (psoas) MURF-1 antibodies stained either the Z-bands alone or a combination of Z-and M-bands. Do MURF-1 proteins also move from one area of the sarcomere as obscurin may? What proteins bind MURF-1 and MURF-3 to Z-bands? We now have two muscle proteins that have been identified by binding to defined regions of titin in yeast two-hybrid screens but which localize to an unexpected region of the sarcomere: obscurin and MURF-1.
The Z-band appears to be a home to an increasing number of molecules involved in focal adhesions and signal transduction (Brugge, 1998; Honda et al., 1998) . Three recently described Z-band proteins owe their localization to the Z-band by virtue of binding to ␣ -actinin, a titin-binding protein. The first two proteins are (1) ALP (actinin-associated LIM protein; 39 kD; Xia et al., 1997) and (2) cypher1 (77 kD; mouse isoforms; Zhou et al., 1999) or ZASP (Z-band alternatively spliced PDZ motif protein; 78 kD human isoforms of cypher1; Faulkner et al., 1999) . ALP has one LIM domain, whereas cypher1/ZASP has three. LIM domain proteins can be in the nucleus and in the cytoplasm where they are thought to be involved in actin filament organization (Zhou et al., 1999) . These two Z-band LIM proteins also each contain one PDZ domain, a module involved in protein-protein interactions (Faulkner et al., 1999) . The third new protein, myotilin (57 kD), interacts via residues near its NH 2 terminus with the spectrin repeats of ␣ -actinin (Salmikangas et al., 1999; Hauser et al., 2000) . The COOH-terminal part of myotilin contains two Ig-like domains that have the highest homology to titin's Z7-Z8 (Ig) domains. A missense mutation in the myotilin gene is found in an autosomal dominant form of limb-girdle muscular dystrophy 1A (Hauser et al., 2000) . Nevertheless, the mutated myotilin protein (T57I) binds ␣ -actinin and localizes to the Z-bands of the affected muscles. The cause of the Z-band abnormalities characteristic of this disorder may be a function of altered interactions of the mutant myotilin with other Z-band proteins.
Two other interesting proteins reported to be associated with the Z-bands of muscle are neuroendocrine-specific protein-like (Nspl)1 (22.2 kD; Geisler et al., 1999) and Argbinding protein (ArgBP)2 (71 kD; Wang et al., 1997) . Nspl1 binds to the intermediate filaments in myoblasts and becomes localized to the Z-bands of mature myofibrils (Geisler et al., 1999) . ArgBP2 contains three SH3 domains, has a region rich with serines and threonines (a possible target for protein kinases), and associates with and is phosphorylated by Arg and c-Abl, members of the Abelson family of tyrosine kinases. ArgBP2 is an excellent candidate for involvement in signal transduction cascades. The transcript for ArgBP2 is 50-200-fold higher in the heart than in other tissues including skeletal muscle cells.
It will be important to determine how the Z-band constituents of cardiac and skeletal muscle cells differ from each other and what effect these differences have on myofibrillar functions. For example, p130cas, an adaptor molecule that binds several focal adhesion signaling proteins directly and indirectly (Brugge, 1998) , is preferentially expressed in mouse cardiac muscle Z-bands (Honda et al., 1998) . Embryonic mice lacking p130cas die in utero at a stage when the normal developing heart is beating (11.5-12.5 d post coitum). In the p130cas mutants, the cardiac myofibrils but not the skeletal myofibrils are disorganized and their Z-bands disrupted (Honda et al., 1998) . These observations indicate an important role for the p130cas in cardiac myofibrillogenesis.
Muscle proteins have been studied for more than a century. The contribution by Young et al. (2001) indicates that we are in an exciting and challenging era, as we continue the search to sort out the molecules and signaling pathways that cardiac and skeletal muscle cells use to assemble and maintain their myofibrils.
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